ABSTRACT Exposure of chicken cells grown in tissue culture to heat shock or sodium arsenite results in a dramatic increase in the synthesis of three major polypeptides with molecular weights of83,000 (HSP 83), 68,000 (HSP 68; referred to here as "thermin"), and 25,000 (HSP 25). Incubation of BHK-21 or HeLa cells under the same conditions results in induction of HSP 68 and a 66,000-dalton polypeptide (HSP 66). Chicken thermin is resolved by isoelectric focusing into a major acidic and a more-basic component; mammalian thermin is resolved only into one major acidic component. HSP 83 and the acidic form of thermin are highly conserved in all avian and mammalian cells examined as judged by their electrophoretic mobilities, isoelectric points, and one-dimensional peptide maps. In addition, the acidic form of thermin is indistinguishable from a protein that copurifies with brain microtubules and that remains associated with the intermediate filament-enriched Triton/KCI cytoskeletons of cells grown in tissue culture. Thermin is also a component of skeletal myofibrils. HSP 83 and thermin are methylated in cells cultured under normal growth conditions. Induction of heat shock proteins by incubation of cells in the presence of sodium arsenite results in a marked methylation of the newly synthesized thermin. Under the same experimental conditions, no significant increase in methylation of the HSP 83 is observed. HSP 25 is not methylated in untreated cells or in cells treated with sodium arsenite. These results suggest that methylation ofheat shock proteins may have an important role in regulating their function.
Exposure ofavian and mammalian cells grown in tissue culture to heat shock results in a dramatic change in their pattern of protein synthesis. This treatment induces the synthesis ofthree or four proteins with a general reduction in the overall pattern of protein synthesis. In vivo and in vitro experiments have indicated that this group of proteins is synthesized in relatively low levels in uninduced cells and that the increase in their synthesis after induction results from an increase in the amount of mRNA specific for these proteins. Various treatments including chelating agents, certain transition metal ions, thiol reagents, heat shock, and amino acid analogues can induce similar, if not identical, proteins in avian and mammalian cells (1) (2) (3) (4) (5) (6) (7) . Many of the inducers capable of eliciting the heat shock response in vertebrate cells also elicit a similar response in Drosophila melanogaster cells, in which the phenomenon was originally described (reviewed in ref. 8) . The proteins induced in vertebrate and invertebrate cells have closely similar electrophoretic mobilities, with a protein at 68,000-70,000 daltons being the most reproducibly and commonly elicited species. Despite the extensive work on the molecular details of the induction of these proteins as well as the detailed analysis of the structure of their corresponding genes in Drosophila, their natural inducer and their function remain unknown.
We have studied the heat shock proteins (HSPs) of mammalian and avian cells. We show that two ofthese proteins, HSP 83 and HSP 68 (thermin), are highly conserved and are methylated in cells grown under normal conditions. Induction ofboth proteins by sodium arsenite, a common inducer of HSP, is accompanied by specific methylation of the newly synthesized thermin. These observations point to the importance of methylation in the expression and function of the HSPs.
MATERIALS AND METHODS Cells. Cultures of chicken embryonic fibroblasts, chicken embryonic myotubes, and baby hamster kidney (BHK-21) cells were prepared and grown as described (9) . BHK-21 cells with a passage number between 59 and 64 were used in the experiments described. HeLa cells grown in spinner culture were obtained from G. Attardi.
Sodium Arsenite Treatment. Confluent plates offibroblasts, myotubes, or BHK-21 cells were first rinsed three times with methionine-free minimal essential medium (Met-free ME medium) and then incubated in the same medium with 25 ,uM sodium arsenite for 4 hr. After the incubation [3S]methionine (New England Nuclear) was added either to the medium directly to a final concentration of 3-5 ,uCi/ml (1000 Ci/mmol; 1 Ci = 3.7 X 10'°becquerels) or to a fresh medium in the absence ofNaAsO2 and incubation was continued for 45 min. Both methods gave the same result. The cells were then scraped off the plates and collected in a table-top clinical centrifuge at top speed (approximately 500 x g) for 2 min. The supernatant was decanted and the pellet was dissolved in isoelectric focusing sample buffer for two-dimensional gel electrophoresis (see below) (9) .
HeLa cells'were treated the same way. After the NaAsO2 treatment the cells were collected at 500 X g, suspended in Met-free ME medium, and labeled with [3S]methionine (3-5 ,uCi/ml) for 1 hr.
Heat Shock Treatment. Cells were placed for 1 hr inside a wet chamber floating on top ofa water bath at 450C. After a wash with Met-free ME medium, the cells were labeled with
[35S]methionine (3) (4) (5) ,Ci/ml) at 37°C for 1 hr. They were then prepared for two-dimensional gel electrophoresis as described above.
Labeling of Proteins with L-[methyl-3H]Methionine. Confluent cultures (100-mm plates) of primary chicken embryonic myotubes were first incubated with 25 ,uM NaAsO2 for 4 hr, rinsed with Met-free ME medium, and incubated for 40 min in Met-free ME medium in the presence of NaAsO2. Cycloheximide and chloramphenicol were then added to the medium to final concentrations of 100 and 40 ,ug/ml, respectively, and incubation was continued for another 45 min, at which time LAbbreviations: HSP, heat shock protein; Met-free ME medium, methionine-free minimal essential medium. * To whom correspondence should be addressed.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 The supernatant (100 ml) was lyophilized, resuspended in 30 ml of 10 mM sodium citrate (pH 5.7), and dialyzed against several changes of this buffer. Insoluble material was removed by centrifugation at 12,000 X g, and the supernatant was passed through a 30-ml column of-DEAE-cellulose equilibrated in 10 mM sodium-citrate (pH 5.7). Protein was eluted with a 120-ml gradient of0.01-0.5 M sodium citrate (pH 5.7). Thermin eluted in two major fractions, between 10 and 30 mM and between 50 and 150 mM sodium citrate. A portion of the first fraction was dialyzed against water, lyophilized, and redissolved in urea sample buffer. Thermin exhibited higher purity in the first than the second fraction. RESULTS Induction of Thermin by Heat Shock and Sodium Arsenite. Exposure of primary cultures of chicken embryonic fibroblasts (a mixture offibroblastic and myogenic cells) to sodium arsenite (25 ,uM, 4 hr) resulted in increased levels of three polypeptides with molecular weights of 83,000 (HSP 83), 68,000 (thermin), and 25,000 (HSP 25); the latter two polypeptides were the most prominent of the three (Fig. 1) . The induction of all three polypeptides was concomitant with an increase in their synthesis as indicated by the incorporation of3S from [3S]methionine into protein during and after treatment with arsenite. The same pattern of polypeptide induction was observed in chicken embryonic fibroblasts free ofmyogenic cells. However, fibroblastfree chicken myotubes incubated under the same conditions exhibited a specific increase in the levels and the de novo synthesis ofthermin and HSP 25; while HSP 83 remains uninduced at the basal levels (see Fig. 3D ). Induction of thermin and HSP 25 was maximal after 8 hr and persisted 12 hr after exposure to sodium arsenite (data not shown; see also ref. (Fig. 1C) . Induction of thermin and HSP 25 was more efficient with arsenite than with heat shock under these conditions. Methylation of Thermin and HSP 83. Incubation ofchicken embryonic primary cells with [methyl-3H]methionine in the presence of cytoplasmic and mitochondrial protein synthesis inhibitors resulted in methylation of a number of proteins, including HSP 83 and the two thermin variants A and B (Fig. 2A) . A small amount of radioactivity was incorporated into a protein that had the same pI and electrophoretic mobility as the intermediate filament subunit desmin. Actin, tropomyosin, and vimentin did not exhibit any detectable incorporation of radioactivity. Exposure of cells to sodium arsenite 4 hr prior to the addition of protein synthesis inhibitors and [methyl-3H]methionine resulted in a dramatic increase in methylation ofall thermin variants but no discernible change in the level of methylation ofHSP 83. HSP 25 remained unmethylated in both normal and arsenite-treated cells. In this experiment, we observed that arsenite-treated cells denatured in urea sample buffer prior to isoelectric focusing exhibited a number of methylated proteins, in addition to thermin, at the acidic side of the gel. These proteins were absent when the cells first were lysed in 0.1% NaDodSO4 at 90°C prior to isoelectric focusing, suggesting that they are degradation products of thermin.
Exposure of cells to sodium arsenite and protein synthesis inhibitors simultaneously prior to the addition of [methyl-3H]methionine resulted in inhibition of the increased methylation ofthermin. However, both thermin and HSP 83 exhibited the level ofmethylation seen in untreated cells (Fig. 2D) Partial Characterization of Thermin. Analysis of whole extracts from chicken skeletal muscle, erythrocytes, and primary cells grown in tissue culture shows the presence oftwo proteins, with pIs and electrophoretic mobilities indistinguishable from those of thermin A and B (12) . Partially purified thermin from chicken skeletal muscle comigrated with thermin induced by arsenite in primary cultures of chicken embryonic myotubes (Fig. 3) . In addition, a polypeptide with pI and electrophoretic' mobility indistinguishable from those ofHSP 25 copurified with chicken skeletal muscle thermin, indicating that HSP 25 is present also in substantial amounts in skeletal muscle. Thermin purifiedfrom chicken skeletal muscle and from chicken erythrocytes showed the copurification ofthe two major forms, A and B, each flanked by several minor acidic variants. Thermin purified from mammalian (porcine) skeletal muscle consisted of one major polypeptide whose electrophoretic mobility and pI were;indistinguishable from those ofavian thermin A. A protein with pI and electrophoretic mobility closely similar to those of HSP 66 also was found in this preparation.
Both avian and mammalian thermin A gave similar one-dimensional peptide maps, indicating that thermin A is highly conserved in different species (12) . Comparative analysis of thermin A and B by one-dimensional peptide mapping reveals homologies and differences, suggesting that these two proteins may be evolutionally related (not shown). By coelectrophoresis and one-dimensional peptide mapping, thermin A is the same protein as the protein previously shown-to copurify with brain microtubules and intermediate filaments but is distinct by pI from the 68,000-dalton neurofilament subunit protein (ref. 12; unpublished observations). Thermin also remained-associated with the intermediate filament-rich cytoskeletons prepared in the presence of 0.5% Triton X-100 and 0.6 M KC1 from a number of avian and mammalian cell types grown in tissue culture. Finally, both thermin A and B are components ofchicken myofibrils as determined by two-dimensional analysis and immunofluorescence (12) . DISCUSSION Distribution of HSPs in Avian and Mammalian Cells and Tissues. The inducibility of a small set of polypeptides called HSPs by higher-than-normal growth temperatures or chemical agents is common to many eukaryotic cell types (for review, see ref. 13 ). The number of induced HSP varies among species. In avian cells, HSP 25, HSP 68 (thermin), and HSP 83 are the most prominent induced polypeptides (3, 7) . Thermin, as described here, exists as two major forms, acidic (A) and basic (B), with the same electrophoretic mobility but different pIs. One-dimensional peptide mapping has indicated that thermin A and B are not identical polypeptides. This difference is further strengthened by the fact that both forms of thermin are translated in a reticulocyte cell-free system using poly(A)+mRNA obtained from chicken embryonic fibroblasts treated with so- (7) or from chicken smooth and skeletal muscle (14) . In This argument is strengthened by the observation that, under these conditions, the 'normal level of methylation of thermin is not.inhibited. On the other hand, the high levels ofmethylated, HSP 83 in untreated cells and the rather low induction of this protein in cells treated with arsenite may obscure the detection of the methylation of newly synthesized HSP 83. The function of protein methylation in. eukaryotic cells remains largely unknown (for review, see ref 17) . In bacterial chemotaxis, methylation and demethylation ofglutamyl residues ofa small number ofproteins has been shown to be a key factor in the process of adaptation to new chemical environments. Each methyl acceptor protein is resolved into multiple species by high-resolution one-and two-dimensional gel electrophoresis, and each species differs in the number ofmethyl groups per polypeptide chain (18, 19) . Thermin and HSP 83 are also resolved into multiple isoelectric variants, all of which appear to be methylated. Whether this heterogeneity is due to different degrees or sites of methylation remains to be elucidated. Nevertheless, even though many aspects ofthis system are still.unknown, the methylation ofHSPs provides us with a rapidly inducible methylation system in eukaryotic cells and thus an experimental avenue for determining the function of these proteins and the regulation of their induction.
